We present results of detailed experimental and theoretical studies of all-optical magnetization reversal by single circularly-polarized laser pulses in ferrimagnetic rare earth-transition metal (RE-TM) alloys Gd x Fe 90−x Co 10 (20% < x < 28%). Using single-shot time-resolved magneto-optical microscopy and multiscale simulations, we identified and described the unconventional path followed by the magnetization during the reversal process. This reversal does not involve precessional motion of magnetization but is governed by the longitudinal relaxation and thus has a linear character. We demonstrate that this all-optically driven linear reversal can be modeled as a result of a two-fold impact of the laser pulse on the medium. First, due to absorption of the light and ultrafast laser-induced heating, the medium is brought to a highly nonequilibrium state. Simultaneously, due to the ultrafast inverse Faraday effect the circularly polarized laser pulse acts as an effective magnetic field of the amplitude up to ∼20 T. We show that the polarization-dependent reversal triggered by the circularly polarized light is feasible only in a narrow range (below 10%) of laser fluences. The duration of the laser pulse required for the reversal can be varied from ∼40 fs up to at least ∼1700 fs. We also investigate experimentally the role of the ferrimagnetic properties of GdFeCo in the all-optical reversal. In particular, the optimal conditions for the all-optical reversal are achieved just below the ferrimagnetic compensation temperature, where the magnetic information can be all-optically written by a laser pulse of minimal fluence and read out within just 30 ps. We argue that this is the fastest write-read event demonstrated for magnetic recording so far.
I. INTRODUCTION
The problem of very fast switching the magnetization between its metastable states emerged recently as one of the most exciting topics in magnetism. 1 The fastest conventional way to reverse magnetization is based on a precessional motion of the latter in an orthogonal external magnetic field. A realistic switching time, which can be achieved in such a process, is ∼100 ps and is determined by the strength and duration of the magnetic field pulse. 2 On such a time scale the magnetization dynamics can be fully described in terms of adiabatic and macrospin approximations. However, it has been discovered that reduction of the magnetic field pulse duration below 2.3 ps may result in a stochastic magnetization switching, 3 showing that the macrospin approximation fails to describe the process. 4 Furthermore, the dynamics of spins on such a short timescale is not fully understood so far.
One of the most intriguing alternatives to magnetic field-induced magnetization switching is making use of a subpicosecond laser pulse. Already the first observation of subpicosecond demagnetization of a thin Ni film subjected to a 60-fs laser pulse 5 suggested that such a pulse represents a powerful stimulus that is able to cause ultrafast changes in the magnetic state of matter. At the same time, this and the following studies of the various effects occurring in magnetic media under the action of ultrashort laser pulses rose a number of important fundamental questions. [6] [7] [8] [9] [10] [11] For instance, let us consider a magnetic medium subjected to a strong external perturbation, the duration of which is comparable to or even shorter than the characteristic times of equilibration between different reservoirs of energy and angular momentum. Such a perturbation brings a magnetic medium into a strongly nonequilibrium state, where a conventional description of magnetic phenomena in terms of thermodynamics and adiabatic approximations is no longer valid. Therefore, from the point of view of theoretical physics, there is a need for developing novel approaches and approximations capable of an adequate description of the ultrafast spin dynamics at extremely short time scales. From the experimental point of view, studies of such a dynamics also require techniques that combine subpicosecond time resolution with a sensitivity to changes of the magnetic ordering. Consequently, attempts to understand ultrafast light-induced magnetization dynamics have yielded a burst in the development of various experimental [11] [12] [13] [14] [15] [16] [17] and theoretical [18] [19] [20] [21] [22] [23] approaches (for a recent review, see Ref. 24) .
Recently, it has been demonstrated that a 40-fs circularly polarized pulse can reverse the magnetization in a ferrimagnetic metallic film. 25 Both the experimental investigation of the details of this all-optical helicity-dependent magnetization reversal and its theoretical description constitute a number of challenging issues. In our preceding work, 26 we have shown that this all-optical reversal of magnetization proceeds via an unusual route where an ultrashort laser pulse first brings the medium into a strongly nonequilibrium state with no net magnetization. It was suggested that in this state, a circularly polarized pulse acting as an effective magnetic field steers the linear 27 magnetization reversal. Nevertheless, there are still many open questions related to the all-optical magnetization reversal with circularly polarized light. First, there is a noticeable discrepancy between switching times calculated for 10 6 exchange coupled spins (30 nm) 3 and those observed in the experiment for micrometer-sized domains. 26 In order to describe the behavior of systems of realistic sizes, it is important to develop a multiscale modeling of the ultrafast spin dynamics. Moreover, all the experimental studies performed so far have been employing only subpicosecond laser pulses, 25, 26, 28 while the simulations suggest that the elongation of the laser pulse to the picosecond range can ease the reversal process. Therefore it is important to investigate how the all-optical magnetization reversal depends on the duration of the laser pulse. Finally, we already have shown that the speed of the all-optical reversal is strongly affected by the ferrimagnetic properties of GdFeCo alloys. 26 How does the efficiency of the reversal depend on the magnetic properties of the alloy? This question becomes especially interesting in the light of unexpected spin dynamics, which has been recently unveiled in a ferrimagnetic GdFeCo alloy. 29 To answer all these questions, we performed comprehensive studies of all-optical reversal of magnetization by subpicoand picosecond circularly polarized laser pulses in ferrimagnetic metallic rare earth-transition metal (RE-TM) alloys Gd x Fe 90−x Co 10 . In order to investigate the helicity-dependent reversal process experimentally, we developed a single-shot time-resolved magneto-optical microscopy approach 26 that combined subpicosecond temporal with (sub)micrometer spatial resolutions. This enabled us to study transient and steady states occurring in samples as a result of the action of a single laser pulse with various fluences, polarizations, and durations. In order to describe the dynamics of a spin system subjected to such an intensive and short laser pulses, we employed a recently developed multiscale calculation technique, 19 which we extended to magnetic films of a size of up to 10×10 μm 2 . Using these techniques, we investigated the mechanism of the all-optical reversal in details.
In particular, we have showed that the actual all-optical helicity-dependent reversal occurs at a timescale of just several picoseconds and has a linear character, while the rest of the process is governed by the relaxation of the medium to an equilibrium. In addition to the results reported in our preceding work, 26 we demonstrate that the reversal can be observed in a rather wide range of laser pulse durations. Furthermore, these experimental results along with the extended calculations suggest that there exist both lower and upper limits for the laser pulse durations. The upper limit is due to the fact that a metallic magnet excited by a too long laser pulse cannot reach the strongly nonequilibrium state with no net magnetization. The lower limit, the existence of which has still to be experimentally verified, is related to the fact that the duration of the laser-induced effective field duration becomes too short compared to the electron equilibration times. Our experimental studies of the all-optical reversal in various GdFeCo alloys have revealed that the compensation temperature of the samples has a significant effect on several parameters. In particular, we demonstrate that not only the switching speed, as we reported earlier, 26 but also the laser pump fluence required for the switching depends prominently on the proximity near the compensation point of the samples. These observations highlight the role of the particular magnetic structure in the response of a spin system to the ultrashort laser pulse excitation. Moreover, these results motivate further development of theoretical methods for a realistic description of the ultrafast spin dynamics in complex magnetic media.
The paper is organized as follows. The structure, magnetic, and magneto-optical properties of the GdFeCo alloys are described in Sec. II. In Sec. III, we describe the details of the single-shot time-resolved magneto-optical microscopy technique and the multiscale calculations. This is followed by a discussion and comparison between the experimental and the modeling results. In particular, in Secs. IV A and IV B, we present an extended discussion of the unusual linear route for the magnetization reversal, identified in Ref. 26 . Then we show how the all-optical reversal changes as a function of the laser pulse duration (see Sec. IV C) and the ferrimagnetic properties of the samples (see Sec. IV D). Finally, we present an outlook (see Sec. V), where we specify the most important open questions left.
II. SAMPLES
The magnetic materials studied in this work are 20-nm thick films of the ferrimagnetic rare earth-transition metal (RE-TM) amorphous alloy Gd x Fe 90..91−x Co 9..10 (14 < x < 30) . The samples were grown by magnetron sputtering in the following multilayer structure: glass|AlTi(10 nm)|SiN(5 nm)|GdFeCo(20 nm)|SiN(60 nm). The AlTi layer serves as a heat sink and the SiN as buffer and capping layers. The latter one also serves as an antireflection coating. Gd x Fe 100−x−y Co y alloys are ferrimagnets, where the Fe and Gd sublattices are coupled antiferromagnetically, while the Co magnetic moments are parallel to those of iron. These alloys are widely used in magneto-optical recording and known for their strong magneto-optical effects. 30, 31 Depending on RE ions concentration RE-TM alloys can exhibit magnetization (T M ) and angular momentum (T A ) compensation temperatures, where the magnetizations (angular momenta) of the RE and TM sublattices are equivalent and, consequently, the net magnetization (angular momentum) is zero. For the case of Gdcontaining alloys, the magnetization compensation point may be expected below the Curie point T C if x = 20%, . . . ,30% (see Ref. 32) . The angular momentum compensation point is typically ∼50 K above T M . 33 Along with T M , a number of other magnetic properties, such as magnetic anisotropy and coercive field, are defined by the Gd concentration. 32 The Co ions, substituting for 0%, . . . ,30% of Fe ions in RE x Fe 100−x−y Co y alloys, on the one hand, enhance the Curie temperature T C of the alloys and, on the other hand, increase their magneto-optical susceptibility. 34, 35 We investigated the magnetic and magneto-optical properties of the Gd x Fe ∼90−x Co ∼10 samples with Gd ions concentration x in the range from 14% to 30%. For this purpose, the magneto-optical Faraday effect in the samples was measured at a photon energy of 1.52 eV as a function of sample temperature and magnetic field, which was applied along the normal of the sample. The Curie temperature (T C ) for all studied samples was found to be T C ≈ 550 K. We found that GdFeCo films exhibited perpendicular magnetic anisotropy in the range of Gd concentrations 20% < x < 28%. In the rest of the paper, we will discuss the results obtained for the alloys Gd 20 Fe 70 Co 10 , Gd 22 Fe 68.2 Co 9.8 , Gd 24 Fe 66.5 Co 9.5 , Gd 26 Fe 64.7 Co 9.3 , and Gd 28 Fe 63 Co 9 . As the Fe and Co contents do not vary significantly from one sample to another, in the rest of the paper we omit in the sample names the subscripts for the Fe and Co concentration. Thus these samples will be referred as Gd 20 FeCo...Gd 28 FeCo, respectively. Figure 1 (a) shows the temperature dependence of the Faraday rotation of these samples at saturation. The value of the Faraday rotation is of the order of 1 • (i.e., 5 × 10 5 deg/cm). This value decreases with an increase of the Gd concentration x. In the studied range of temperatures T = 10-420 K the Faraday rotation exhibits a weak temperature dependence. It is conventionally assumed that in the visible spectral range the magneto-optical signal is dominated by contributions originating from the iron sublattice. Therefore the change of the Faraday rotation with temperature, shown in Fig. 1(a) , reflects the magnetization changes of the iron sublattice with temperature.
For characterizing the strength of magneto-optical and optomagnetic 24, 36 interactions one needs to know the magnetooptical susceptibility β, which determines the correlation between the optical response of a medium and the magnetization of the latter. The Faraday rotation angle θ F is determined by the off-diagonal component iε xy of the dielectric tensor as
where λ is the wavelength, d is the GdFeCo thickness, and n is the refraction index, determining the refraction of light. The magneto-optical susceptibility β is related to ε xy as ε xy = βM 0 . M 0 here is the magnetization of the Fe sublattice. Assuming the magnetic moments of Fe ions to be 2.217 μ B /at. (the value for a pure iron), yields the magnetization of Fe sublattice of order of 7 × 10 5 A/m. For the case of REFeCo alloy, this is, obviously, overestimated. For instance, the net magnetization of GdFeCo, containing 23% Gd ions and ∼70% Fe ions is of order of 0.8-1 × 10 5 A/m at low temperatures, 32 at which M RE /M FE ∼ 2. Thus the iron sublattice magnetization should be approximately 0.8-1 × 10 5 A/m. Since the iron sublattice magnetization does not decrease much in the range of T =10-400 K, we take these values as an estimate for M 0 in this temperature range. Therefore the magneto-optical susceptibility is β = 1.7-2.0 × 10 −6 m/A. Here, we took n = 3.7 (see Ref. 39 ) and the Faraday rotation θ F = 0.75 • (0.013 rad). In order to determine the magnetization compensation temperatures T M we extracted the values of the coercive field H c from the hysteresis loops measured as a function of temperature [see Fig. 1(b) ]. The compensation temperatures are taken as those temperatures where the coercive fields diverge. As one can see from the inset in Fig. 1(b) , T M increases with an increase of Gd concentration, in agreement with the data from literature. 32 For the samples Gd 20 FeCo and Gd 28 FeCo, no compensation point was observed in the range 10 < T < 420 K. The dependence of H c on T for Gd 20 FeCo shows that the magnetization of the FeCo sublattice exceeds the magnetization of the Gd sublattice in the whole temperature range. In the sample Gd 28 FeCo, the situation is opposite.
III. METHODS

A. Experimental technique
For studying the ultrafast magnetization dynamics during the process of all-optical reversal, we developed a single-shot time-resolved magneto-optical microscopy setup providing a 100-fs temporal resolution. This approach is based on a principle used earlier in high-speed domain wall dynamics studies. 37, 38, 40 The setup has 1μm spatial resolution. In the experiment, a single 100-2100 fs optical pump pulse was used to excite the films (see Fig. 2 ). A single, less intense, 100-fs optical probe pulse, delayed with respect to the pump pulse, was used to obtain the magneto-optical image of the sample. In this image, the areas of the sample with oppositely oriented magnetizations are seen as black and white areas due to the Faraday effect. Intermediate magnetic states are seen as different grades of gray. Repeating such a single pump (single probe measurement for various values of the delay time), we obtained images of the magnetic state of the samples at various moments after the arrival of the pump pulse. The same setup was also used to study the final state of the samples after the action of a single pump pulse. For this, we were either separating the pumping and probing events by a longer time delay of several seconds or were even using a continuous light source as a probe.
To obtain ultrashort laser pulses, we used a Ti:sapphire laser generating 40-fs long pulses at a central photon energy of E 0 = 1.54 eV and a repetition rate of 80 MHz. After passing a regenerative amplifier a train of high peak power pulses with a repetition rate of 1 kHz was obtained. Each pulse had a Gaussian temporal profile, full width at half maximum of 100 fs. The fluence of the pulses (F ) was estimated from the averaged power of the pump beam measured by a powermeter. A less intense probe beam with a central photon energy of 1.94 eV and duration of 100 fs was generated by an optical parametric amplifier (OPA) seeded by a small fraction of the pulse from the amplifier. Note that in contrast to a similar setup described in Ref. 41 , we employ a two-color pump-probe scheme, which allows a straightforward analysis of the obtained images. Using a chopper, we reduced the repetition rate of the pump and probe pulses down to 10 Hz. Behind the chopper we placed a mechanical shutter with an opening time of 100 ms. The combination of the chopper and the shutter, both of which were synchronized with the laser source, allowed getting a single pump and a single probe pulse. A retroreflector placed on the translational stage was used to introduce the delay between pump and probe pulses. This delay could be varied from negative values up to 3.8 ns, with minimal steps of 10 fs. By introducing extra mirrors in the path of the probe beam, we could extend the delay time between pump and probe pulses up to 25 ns. The pump pulse was directed at normal incidence to the sample and focused into a spot of about 50-70 μm in diameter (see Fig. 2 ). The polarization of the pump pulses was controlled by a quarter-wave plate. Linearly polarized probe pulses are focused to a larger area of about 300 μm and had an oblique angle of incidence of about 20 • . To obtain magneto-optical images the sample was placed between two crossed polarizers. A thermoelectrically cooled CCD (charged coupled devices) camera and objectives with magnifications of 10 or 20 times, depending on the conditions of the experiment, were used to register the images. After obtaining each image, the sample was brought to the initial homogeneous magnetic state by applying a pulse of external magnetic field. Low-temperature measurements were performed using an optical cold-finger cryostat.
In addition to the time-resolved experiment, the steadystate imaging of the sample magnetization was performed at 2 s after an action of the laser pulse. For these purposes, the magneto-optical visualization of magnetization direction in the sample was performed using incoherent continuous white light source. Ultrashort optical pump pulses with energy of photons centered at 1.54 eV were generated by the regenerative amplifier and used for the excitation of the sample. In contrast to the pump-probe measurements described above, in this case the duration of the pump pulses could be varied in the range of 40-2100 fs using an internal grating-based pulse compressor in the amplifier and monitored using an autocorrelator. This enabled the studies of the magnetization reversal triggered by pulses of different length.
B. Theoretical methods
The description of the dynamics of a magnetic medium during and after the excitation with a subpicosecond laser pulse comprises a complicated theoretical task. First of all, it requires an adequate model, which describes the interaction of the laser pulse with the medium. Furthermore, as the excitation with such a short laser pulse brings a medium to a transient nonequilibrium state, description of the spin dynamics of such a state goes beyond the conventional macrospin approximations in magnetism.
Modeling a laser pulse impact on a medium
As the starting point for developing a model, we assume a two-fold action of a laser pulse on the medium. First of all, we take into account the fact that a circularly polarized subpicosecond laser pulse can act on spins as an effective lightinduced magnetic field, the direction of which is determined by the helicity of the light. 42 Thus one part of the impact of a laser pulse on a medium is represented by this optomagnetic field H OM . Secondly, subpicosecond laser pulses are known to lead to a rapid increase of the electronic temperature followed by ultrafast demagnetization in metals. 5 Therefore this part of the laser pulse impact enters our model as a short heat pulse resulting in a rapid increase of the electronic temperature T el .
To the best of our knowledge, a rigorous and sufficiently complete theoretical framework of optomagnetic effects induced in magnetic metals by femtosecond laser pulses is still under development. 43, 44 Therefore, here, we estimate the strength and the duration of the effective laser-induced field using existing theories and a limited number of available experimental data. In order to obtain a rough estimate for the amplitude of the effective laser-induced field, we employed a phenomenological expression for the inverse Faraday effect derived for a transparent medium in thermodynamic equilibrium: 36, 45, 46 
where ε 0 is the vacuum permittivity, β is the magneto-optical susceptibility, and E(t,r) is the envelop of the electric field of light. In isotropic media, the field H OM is directed along the wave vector of light and reverses its polarity when the helicity of the laser pulse is reversed. The amplitude of the electric field E 0 can be estimated knowing the laser pulse fluence F and duration (FWHM) τ as F /τ ∼ = P 0 = cε 0 /2|E 0 | 2 , where c is the speed of light. In our simulations, we assumed a Gaussian distribution of the intensity of the laser beam in space. Therefore H OM was introduced as
where c is the speed of light, and n is the unit vector in the direction of the wave vector of light. The coefficient σ gives the degree of circular polarization and is equal to ±1 and 0 for a right-(σ + ), left-handed (σ − ) circularly polarized, and linearly polarized (π ) light, respectively. The time-dependent function f (t) and the space-dependent Gaussian functions describes the temporal and the spatial profiles of the effective field and will be discussed later. Following Eq. (1), the strength of the effective light-induced field can be calculated using the magneto-optical susceptibility β of the medium and the amplitude of the electric field of light. We assume that in the spectral range of the laser pulse, the magneto-optical susceptibility is independent on the wavelength of light. Also, we assume that the inverse Faraday effect, described by Eq. (3) is due to interaction of light with Fe sublattice of GdFeCo alloy. Therefore we take the magneto-optical susceptibility to be β ≈ 2 × 10 −6 m/A (see Sec. II). Within these approximations, circularly polarized laser pulse with fluence of 1 mJ/cm 2 can generate an effective magnetic field with an amplitude H OM ≈ 5.2 T. For a range of intensities of 2-4.5 mJ/cm 2 , used in the reported here experiments, the effective field has a magnitude in the range of 10.4-23 T.
Strictly speaking, such an approach is not applicable for those cases when the intensity of light changes faster than time required for the medium to reach its thermal equilibrium. If it is not the case, the magneto-optical susceptibility β should be considered as a time-and intensity-dependent variable. As a result, rigorous description of magneto-optical (and optomagnetic) response of a metallic medium excited by a short laser pulse is still to be developed. 6, 11, 44, 47, 48 However, if the inverse Faraday effect is defined by electric-dipole transitions only, than the formulas derived for the case of thermodynamic equilibrium can still provide a reasonable approximation for an estimation of the optomagnetic effective magnetic field. Indeed, in this case, the inverse Faraday effect relies on an instantaneous response of electronic system, which reaches its quasiequilibrium faster than 100 fs after the excitation.
The light-induced effective field is introduced in the calculations as having a Gaussian spatial profile with a radius r 0 , which coincides with the spatial profile of the pump pulse. The temporal profile of this field f (t) has the following form: Thus, regarding the duration of this field, we assumed the time profile shown in Fig. 3 . The effective light-induced magnetic field H OM builds up with no delay with respect to the laser pulse electric field. The decay of H OM is, in turn, assumed to be slower and is given by the decay time of the microscopical process responsible for the emerging of H OM . At the moment, we can only estimate the limits for the decay time of H OM by considering its possible microscopical origins. The lower limit for the decay of the light-induced field is, supposedly, given by an optical coherence time, which is well below 100 fs in metals. 49, 50 As one of the possible origins of the inverse Faraday effect the light-induced elliptical currents were considered. 43, 51, 52 In this case one can expect somewhat longer decay time. So far to the best of our knowledge, no theoretical estimations for the lifetime of such currents are available. One of the possible ways to detect the presence of such currents experimentally could be studies of THz yield of the metallic film excited by the laser pulse. Only a few of such experiments have been preformed on magnetic metals, 14, 53 without, however, focusing at possible presence of the light-induced fields. Here, we use the data of these experiments to obtain a rough estimate for the upper limit for the decay time of the light-induced effective field. In particular, in Ref. 53 , emission of polarized THz radiation from a thin iron film subjected to a 50-fs laser pulse excitation was measured. Since one of the possible reasons for the polarization-dependent THz yield is a solenoidal light-induced current, we used half a period of the lower mode of the oscillations observed in the THz emission as a measure of the duration of the effective light-induced magnetic field. For the case of film studied in Ref. 53 , it is 3 ps. This shows that the laser-induced effective field can persist in a magnetic metal considerably longer than the duration of the laser pulse.
The second contribution to the laser pulse impact on the medium is introduced as a heat pulse, the duration of which is defined by the laser pulse duration. As in the case of the optomagnetic pulse, the spatial profile of the heat pulse is Gaussian and coincides with the profile of the laser pulse,
The action of this pulse results in a rapid increase of the electron temperature T el of the system. To calculate this response, we used the two-temperature model, 54
where T el and T l are the temperatures of the electronic and lattice reservoirs, C el and C l are the electronic and lattice specific heats, respectively, and G el-ph is the electron-phonon coupling constant. The time constant τ th = 50 ps describes the relaxation back to the initial temperature T 0 . The parameters used in the model were assumed to be typical for a transition metal. 55 In this model, after the action of a laser pulse, the electron temperature T el increases from the initial temperature (equilibrium temperature of the sample) up to T * el within the duration of the laser pulse. The value of T * el is defined by the fluence of the laser pulse and by the electron heat capacity C el , which is C el = γ T el with γ = 700 J/m 3 K 2 . The increase is followed by a decrease of T el due to the electron-phonon relaxation. The characteristic time of this relaxation is determined by the electron-phonon coupling constant G el-ph , which is assumed to be 1.7×10 18 J/Ks. In Figs. 3(b) and 3(c), we show the calculated dynamics of the T el and T l for heat pulses of durations 100 and 2000 fs.
Modeling ultrafast nonequilibrium spin dynamics
Atomistic simulations may allow one to calculate the response of the spin system to the combined action of the ultrafast heating and the optomagnetic field H OM . In this approach, the spin system interacts with a heat bath. Therefore it is the change of the heat-bath temperature which triggers the ultrafast demagnetization. In the model, the demagnetization occurs due to angular momentum transfer from the spin system to the heat bath. Despite intensive experimental and theoretical research on this matter the microscopical origin of the ultrafast laser-induced demagnetization has not been clarified yet. Therefore it is questionable if the heat-bath can be associated with a free-electron gas or should be assigned to another reservoir of energy and angular momentum. Recently, it was demonstrated that such a model, where the heat bath was associated with a free-electron gas, allows to describe well the experimentally observed ultrafast magnetization dynamics in FePt alloys. 19 The potential of this approach to explain and even predict ultrafast spin dynamics was demonstrated for the case of GdFeCo as well. 29 Furthermore, such atomistic simulations confirmed the results of element-specific studies of ultrafast laser-induced magnetization dynamics in the alloys showing that Gd and Fe demagnetize on significantly different time scales. Consequently, in GdFeCo alloys the Gd sublattice can play the role of a reservoir of angular momentum during the process of demagnetization of the Fe sublattice and vice versa. In this case, the angular momentum effectively stays in the spin system.
The dynamics of each spin is described by the stochastic Landau-Lifshitz-Gilbert (LLG) equation, where the total effective field entering the LLG equation contains contributions from a Heisenberg exchange, a crystalline anisotropy, and the optomagnetic field H OM . This atomistic approach, however, does not allow to calculate the behavior of a large ensembles of spins. Nevertheless, it allows to calculate the equilibrium magnetization, the perpendicular and parallel magnetic susceptibilities as well as the exchange stiffness of the spin system, required for the description of the magnetization dynamics in the case, when neither the length nor even the equilibrium value of the magnetization are conserved. 19 In our multiscale model, the behavior of the averaged magnetization m after the action of the laser pulse is described using the Landau-Lifshitz-Bloch (LLB) equation. 19, 56 The temperature dependence of the uniaxial anisotropy constant K u is introduced via a temperature-dependent transverse susceptibility. 19 The room-temperature value of K u is taken to be 6.05×10 5 J/m 3 and the exchange stiffness is chosen such that it leads to the Curie temperature of 500 K. The microscopic Gilbert damping constant is assumed to be 0.1. Solely ferromagnetic behavior is considered here so that the details of the ferrimagnetic spin structure cannot be simulated. All methods used are described in details in Ref. 19 .
Using this micromagnetic approach, we are able to perform calculations of the spin dynamics of extended systems accounting for spatially inhomogeneous excitation process on a micrometer length scale. This approach takes long-range dipolar interactions into account, which are calculated with the aid of the well established fast-Fourier transformation. The parallelized code used in the calculations allowed to simulate systems with up to 10 7 macro-spins (cells). The volume of the modeled spin system is up to 10 μm × 10 μm × 5 nm, which is comparable to the size of the systems, studied in the experiments. For these micromagnetic simulations, the heat pulse and the pulse of the optomagnetic field were modeled by a Gaussian spatial profile as explained above. In addition to this computation-time-demanding large-scale simulations, we also perform single-macrospin simulations, where the macrospin represents a single-domain volume of (30 nm 3 ). Note, that at this stage, we neglect the spatial distribution of the H OM in Eq.
(2) and of T el .
IV. RESULTS AND DISCUSSION
A. Determination of the laser pulse fluence for the helicity dependent reversal
Experiment
To investigate how the process of all-optical magnetization reversal depends on the laser pulse fluence, we studied the final state of the magnetization after the action of a single laser pulse as a function of the laser pulse fluence. Figure 4(a) shows the steady-state magneto-optical images of the Gd 26 FeCo sample obtained after the sample was subjected to single circularly polarized pulses of various fluences.
As one can see from Fig. 4(a) , the change of the laser pulse fluence (F ) leads to a change of the magnetic state observed after the action of the pulse. If F is below ∼3.14 mJ/cm 2 , no reversal is observed (not shown). If F is about 3.14 mJ/cm 2 , all-optical helicity-dependent reversal is observed. As F is increased by a relatively small value, the reversal of magnetization is observed after the action of laser pulses of both helicity, and even a linearly polarized pulse can trigger the reversal. However, the size of the spot appears to be slightly larger, if the helicity of the laser pulse favors the helicity-dependent reversal at lower fluence. This is demonstrated in the last row in Fig. 4(a) . At laser fluences above ∼4.7 mJ/cm 2 the formation of a multidomain state is observed. We note in Fig. 4(b) that in the Gaussian spatial profile of the laser pulses of high fluence (F > 4.5 mJ/cm 2 ) we can distinguish four regions, corresponding to the four types of the impact of a laser pulse on the magnetic medium: no reversal, helicity-dependent all-optical reversal, helicity-independent reversal, and the formation of a multidomain state. It is important to stress, that the size of the area where the helicity-dependent magnetization reversal occurs is much smaller than the size of the laser spot itself.
An analogous dependence of the reversal on the laser pulse fluence was observed in several other samples, with absolute values of the fluence being slightly different, as discussed in Sec. IV D. To examine the range, where the helicity-dependent reversal is observed, we studied the laser pulse fluence dependence of the probability for the magnetization to be reversed after the action of a single right-[P(σ + )] or lefthanded [P(σ − )] circularly polarized pulse. In more details, for each initial magnetization direction, laser pulse polarization and fluence N attempts to switch the magnetization by a single laser pulse were taken. Before each attempt, the sample was brought to the initial monodomain state by applying a pulse of magnetic field. If the switching was observed in M cases, then the probability of reversal for this particular set of conditions was taken as (100 M/N)%. The result for the sample Gd 22 FeCo is shown in Fig. 4(c) , where these probabilities and the all-optical switchability, i.e., P(σ + ) − P(σ − ), are plotted as a function of the laser pulse fluence. As one can see, there is a narrow range of laser pulse fluences (∼10%), where the switchability is nonzero P(σ + ) − P(σ − ) > 0, i.e., the probability for a helicity-dependent reversal to occur is finite. In the middle of this range, the switchability reaches 100%. The corresponding FWHM of this range is of 6%. At these conditions, the direction of the magnetization in the final state is unambiguously determined by the helicity of the laser pulse. When the laser pulse fluence is above the reversal window, the reversal into a single domain state still occurs, but appears to be independent of the helicity of the laser pulse.
Thus, from the study of the impact of laser pulses of various fluences and helicities on magnetization of the GdFeCo alloy, we can conclude that the all-optical reversal occurs only when the medium is subjected to a circularly polarized pulse with its fluence being within a narrow range, or reversal window. Below this window, no reversal occurs. Above this window the reversal is insensitive to the polarization of the 104402-7 laser pulse, which is a manifestation of the fact that the information about the light polarization is lost. In the following sections, we focus our paper on all-optical helicity-dependent magnetization reversal only. We add that the narrowness of the reversal window is consistent with the small size of the domain where the magnetization is reversed all-optically [see Fig. 4(b) ]. Due to the Gaussian spatial profile of the laser spot, only in the very center of the spot the laser fluence falls within the reversal window.
Modeling
In order to understand how the observed helicity-dependent magnetization reversal can occur, we performed multiscale calculations of the dynamics of the ferromagnetically coupled spins subjected to the combined action of the heat and optomagnetic pulse, as described in Sec. III.
In the two-temperature model, the action of the 100-fs laser pulse with an energy density W leads to a rapid increase of the electron temperature T el from 300 K up to T * el . This increase is followed by a relaxation of T el due to the electron-phonon interactions with a characteristic time of 0.5 ps. The quasiequilibrium electronic temperature achieved after this relaxation is determined by the laser energy density W and, consequently, by the peak electronic temperature T * el , as shown in Fig. 5(a) . Figure 5(b) shows the calculated dynamics using the LLB equation of a single macro spin, representing the averaged magnetization of a (30 nm) 3 spin system for three different energy densities W and optomagnetic field of an amplitude H OM for a duration of τ OM = 250 fs. This field is directed antiparallel with respect to the initial orientation of the magnetization. As one can see, for the particular value of W = 0.57 GJ/m 3 (T * el = 1129 K) the magnetization reverses. The reversal occurs via a linear path and does not involve precession, i.e., the transverse components of the magnetization remain zero (not shown). Instead, at the very early stage of the reversal process the magnetization is nearly quenched. It is important to stress, that atomistic-simulationsbased examination of the magnetic state achieved as a result of the ultrashort laser pulse, 57 revealed that this state is principally different from the paramagnetic equilibrium state. In fact, the laser induced demagnetization results in a magnetic state with no net magnetization, i.e., the state is still characterized by a correlation length, which, however, is of order of a few nanometers or less. As it was shown previously, 27 for the linear dynamics of the spin system, achieving a nearly quenched magnetization state is crucial. In this state the dynamics of the spins is governed by the longitudinal damping. This favors the reversal of magnetization by the short strong pulse of the optomagnetic field H OM directed antiparallel with respect to M. We note that this is in contrast to the precessional switching of the magnetization, which is governed by the transverse damping.
As it can be seen from Fig. 5(b) , the final state of the magnetization is mainly defined by T * el , and, consequently, by energy density W . For the low peak electron temperature (e.g., T * el = 970 K), the spin system reaches a state with nearly quenched magnetization, but later on relaxes back to the initial state, i.e., magnetization reversal does not occur. Thus, for the given amplitude and duration of H OM , the temperature T el 26 achieved within the duration of the effective field pulse is not sufficient for the occurrence of the linear reversal. The spin system relaxes into the state with reversed magnetization only for certain intermediate values of T * el . If T * el is too high, the calculations give a final state with zero magnetization. This shows that the highly nonequilibrium state, with T el sufficient for the linear reversal, should not persist for too long after the end of the effective magnetic field pulse. Otherwise the effect of the field pulse action, namely, the nucleation of the phase with the reversed magnetization, will be lost. In the latter case, the system is expected to relax back to a state with random orientation of magnetization, yielding a multidomain state.
The width of the laser pulse energy density range, or the reversal window, where the magnetization reversal via the linear mechanism can occur, is strongly influenced by changes of the parameters of the optomagnetic field pulse H OM . In Fig. 6(a) , we examine the state of our nanoelement 10 ps after the combined action of the heat and optomagnetic pulses for different laser energy densities and optomagnetic field pulse durations. The heat pulse duration was fixed at 100 fs. As can be seen from Fig. 6(a) , there is a region in that parameter space where the reversal occurs. As the duration of the effective field pulse increases, the reversal occurs in a broader window of laser fluences. The lower limit of τ OM , at which the reversal can be realized, is strongly influenced by the material constants entering the calculations (see Sec. III). In particular, an increase of the electron-phonon coupling constant G el-ph , governing the dynamics of electronic and lattice response to the heat pulse, leads to a reduction of the minimum field pulse duration. For the parameters used in the calculations, the minimal duration of the optomagnetic field, for which the reversal occurs, is 250 fs. Therefore despite the fact that the parameters of the laser-induced effective field H OM are not fully defined at this stage, the results in Fig. 6(a) show that the regime of linear reversal is achievable for a rather wide range of optomagnetic field parameters. We note that the effective field duration of 250 fs is well below the roughly estimated upper limit of 3 ps for the effective laser induced field (see Sec. III).
For any optomagnetic pulse durations τ OM , there is a laser pulse energy, above which the calculated final state for the magnetization is zero [see Figs. 5(b) and 6(a)]. Detailed analysis of the dynamics of the (30 nm) 3 spin ensemble at W = 0.8 GJ/m 3 shows that there are equal probabilities for the magnetization to reemerge in both +z and −z directions after an excitation with such a pulse. This is illustrated in Fig. 6(b) , where the statistics of the time evolutions of the m z component is shown. It is seen that at high laser pump fluences the final state of the magnetization is defined by neither optomagnetic field pulse nor by the initial magnetic state. The latter fact corresponds to the loss of the magnetic memory studied in Ref. 57 .
To summarize, the model shows that the action of laser pulses with a duration above a certain limit results in magnetization reversal. In a good agreement with our experimental results, this process can be realized only in a narrow range of the laser pulse fluences. Most importantly, our model shows that the magnetization during the reversal process follows a linear trajectory passing through a state with no net magnetization. The latter can be seen as a distinct feature of the laser-induced reversal process. The model also provides quite intriguing predictions about the dynamics of the all-optical magnetization reversal, showing that it may occur within just a few picoseconds. As it can be seen from Fig. 5(b) , under the conditions favoring linear reversal (T * el = 1129 K) almost 50% of the state with reversed magnetization is reconstructed already after ∼10 ps. In order to verify whether the all-optical reversal indeed occurs via a demagnetized state and whether its dynamics is indeed that fast, time-resolved experimental studies should be performed.
B. Dynamics of the all-optical helicity-dependent reversal
Experiment
In order to identify the path which the magnetization follows after excitation with a circularly polarized pulse with the fluence [see Fig. 4(c) ], we employed the single-shot time resolved microscopy technique, described in Sec. III A. Figure 7 (a) shows the single-shot magneto-optical images of the Gd 24 FeCo sample obtained at room temperature at various time delays between pump and probe pulses. Experiments have been performed for various combinations of the pump pulse polarization and two initial orientations of the magnetization. It is seen that within the first picosecond, pump pulses of both helicities bring the originally magnetically ordered medium into a strongly nonequilibrium state with no measurable net magnetization, seen as a gray area [see the second column of Fig. 7(a) ]. In the following few tens of picoseconds, either the medium relaxes back to the initial state or a small (∼5 μm) domain with a reversed magnetization is formed. We especially note that we see no sign of precession during the whole reversal process. If a precession of the magnetization would take place, the appearance of an in-plane component of magnetization, exceeding ∼10% of the equilibrium magnetization, would become visible in the time-resolved images due to the oblique incidence of the probe beam (see Sec. III). Appearances of smaller in-plane components cannot be resolved in these experiments due to limited sensitivity. Therefore, in order to confirm the absence of precession, we performed conventional 26 The domain is initially magnetized up (white domain) and down (black domain). The last column shows the final state of the domains after a few seconds. The circles show areas, where the effect of the laser pulse on the magnetic state is detected within the sensitivity of the setup. Note that the pump spot size is of 50-70 μm and larger than the images. (b) The averaged magnetization in the switched areas (∼5 μm) after σ + and σ − laser pulses, as extracted from the single-shot images in Fig. 7(a) for the initial magnetization up. 26 (c) Distributions of the z component of the magnetization across the 10 μm × 10 μm × 5 nm ferromagnetic film at different time delays after the combined action of a 100 fs long laser pulse and a 250 fs long optomagnetic field pulse as obtained from the multimacrospin simulations. (non-single-shot) magneto-optical pump-probe experiments, where the pulsed magnetic field was used to reset the initial state of magnetization after each pump-probe event. In these experiments, the sensitivity is increased compared to the single-shot imaging, owing to the averaging over several hundred pulses and lock-in detection technique. Again, very fast decrease of the magnetization was observed without any sign of precession. Therefore the gray areas seen at short delay times correspond to the quenching of both out-of-plane and in-plane components of magnetization. It appears that the all-optical helicity-dependent reversal proceeds via a state with nearly quenched magnetization. This observation fully agrees with our model of linear reversal.
From the results shown in Fig. 7(a) , it follows that the reversal process is inhomogeneous across the area subjected to the laser pulse. In order to characterize the observed dynamics quantitatively and to estimate the actual switching time, we calculated the averaged value of the magnetization at the various delays in the area of ∼5 μm. This area corresponds to the domain with the reversed magnetization in the final state [see right column in Fig. 7(a) ]. The result is shown in Fig. 7(b) . Already at delays shorter than 100 ps, a clear magnetic contrast is observed between the states reached after excitations with laser pulses of different helicities. This contrast is slightly different from the contrast between the final states [the last column in Fig. 7(a) ], as clearly seen from Fig. 7(b) . This can be ascribed to the laser-induced heating of the sample followed by a slow (>1 ns) heat diffusion. To take into account the heat-induced change of the magnetization in the metastable magnetization states, we introduce two asymptotic levels [see dashed lines in Fig. 7(b) ]. The characteristic time of switching τ sw can be identified as the time required to reconstruct 63% (1 − e −1 ) of the difference between the two metastable states. After 1.5τ sw , the difference reaches 80%. Figure 7 (a) shows that this time can indeed be reliably assumed as the period required for a write-read event. Thus, we can conclude that the switching time and the write-read time for the case shown in the Figs. 7(a) and 7(b) are τ sw = 60 ps and τ w-r = 90 ps, respectively.
Modeling
Experimental results shown in Figs. 7(a) and 7(b) clearly demonstrate that the all-optical helicity-dependent reversal indeed possesses the main features expected for the linear reversal as described in the previous Sec. IV A. However, one can notice a clear discrepancy between reversal times observed numerically [see Fig. 6(a) ] and experimentally [see Fig. 7(b) ]. These calculations were done for a small magnetic element, neglecting spatial inhomogeneities of both optomagnetic and heating pulses. In order to investigate the linear reversal in a magnetic film of micrometer size under realistic excitation conditions, we performed multimacrospin LLB calculations (see Sec. III). We considered a 10 μm × 10 μm × 5 nm ferromagnetic film subjected to a heat pulse and optomagnetic field pulse [see Eq. (2)] of Gaussian spatial profile with r 0 = 2.1 μm. The laser fluence and duration as well as the optomagnetic field duration are chosen to favor linear reversal (see Fig. 5 ). The calculated distributions of the magnetization at various time delays for two opposite H OM are shown in Fig. 7(c) . Figure 7(d) shows the calculated time evolution of the z component of the magnetization in the center of the magnetic element shown in Fig. 7(c) . Comparison of the calculated and experimental results shows that the spatial profile of the process of the relaxing magnetic state is determined by the spatial distribution of the laser pulse fluence, which defines the distribution of both the electronic temperature and the optomagnetic field. The switching times obtained for the larger element appear to be close to those obtained in the experiment [see Figs. 7(b) and 7(d)].
Thus, using both experimental results and multiscale modeling, we confirm that the all-optical helicity-dependent reversal can be a result of ultrafast laser-induced heating accompanied by the action of the effective laser-induced magnetic field. The latter is responsible for the dependence of the reversal on the laser pulse helicity. In this process of the all-optical reversal, the magnetization follows an unusual linear path, not involving precessional motion but passing through the state with no net magnetization. Simulations show that the nucleation of the phase with the reversed magnetization happens on an ultrafast time scale of just ∼1 ps, which is followed by a slower relaxation to the equilibrium state. Even though the write-read time achieved in the experiment appears to be comparable to the fastest switching in an external magnetic field or by a spin-polarized current, our model shows that the write-read time can be even faster and reach values as low as ∼10 ps.
The consideration above, however, leaves two important questions open. First, as the realistic parameters, strength and duration, of the laser-induced effective field H OM are still under discussion, it is important to investigate what would happen to the helicity-dependent all-optical reversal when these parameters are changed. Second, so far, neither in the experiments nor in the modeling, the ferrimagnetic structure of the GdFeCo alloys was taken into account. Consequently, it is interesting to verify if the ferrimagnetism of GdFeCo plays a role in the reversal process. In particular, whether the write-read times close to those predicted by the model can be achieved by tailoring the properties of the medium.
C. Helicity-dependent all-optical reversal as a function of the laser pulse duration
Parameters of a laser pulse affect both the demagnetization process and the optomagnetic field [see Eq. (2)]. Therefore it is natural to expect that the all-optical magnetization reversal, being a result of the interplay between these two effects, should possess a high sensitivity to the parameters of the laser pulse. We have already shown in Sec. IV A that the laser fluence is one of the crucial parameters for the all-optical reversal, because it defines the electronic temperature increase and, consequently, the degree of demagnetization. Moreover, our calculations suggest that the reversal should be feasible with picosecond laser pulses as well. In order to explore further how the all-optical helicity-dependent reversal process depends on the laser pulse parameters, we studied the reversal for the case of laser pulses of various durations.
Experiment
In order to investigate experimentally how the change of the laser pulse duration influences the reversal process, we measured the all-optical switchability P(σ + ) − P(σ − ) as a function of the laser pulse fluence for different laser pulse durations. The results for the samples Gd 24 FeCo and Gd 26 FeCo are shown in Fig. 8 . In Figs. 8(a) and 8(b) , we have plotted the dependence of the laser pulse fluence F sw and the laser peak power P 0 , which corresponds to 100% switchability, on the laser pulse duration. The width of the reversal window F sw as a functions of the laser pulse duration is shown in Figs. 8(c) and 8(d) . As one can see, the reversal window is getting wider as the laser pulse duration increases. Such a behavior is in qualitative agreement with the phase diagram W − τ OM [see Fig. 6(a) ]. Our experimental data also show that the all-optical switching of the magnetization requires more laser pulse fluence as the pulse duration increases [see Figs. 8(a) and 8(b) ]. Note that the overall increase of the required laser pulse fluence F sw with the pulse duration is rather small. As a result, the corresponding peak power P 0 required for the reversal decreases with an increase of the laser pulse duration. The effects of the laser pulse duration on the reversal are qualitatively the same in Gd 24 FeCo and Gd 26 FeCo alloys. However, in the case of Gd 24 FeCo, the all-optical reversal is observed only when the laser pulse duration is shorter than 1700 fs. For longer pulses we have observed either no effect (in the case of low pump fluence) or the formation of a multidomain state (in the case of high pump pulse fluence). In the sample Gd 26 FeCo, the reversal is observed in the whole range of the studied pulse durations up to 2100 fs.
Modeling
It is natural to expect that an increase of the laser pulse duration will result in an increase of the duration of the optomagnetic field (see Fig. 3 ). The former, however, also affects the temporal profile of the electronic temperature. This is illustrated in Figs. 3(b) and 3(c) , which show the dynamics of the electronic temperature calculated from the two-temperature model for laser pulse durations 100 and 2000 fs. To understand the observed dependence of the magnetization reversal on the laser pulse duration, we simulated the dynamics of the magnetization of a (30 nm) 3 sample in a single-macrospin approximation. We took into account the scaling of the optomagnetic field and the change of the electronic temperature T el profile with the change of the laser pulse duration [see Eq. (2)]. Figure 9 shows the magnetic state of the sample 100 ps after the action of the laser pulse with energy density W and duration τ .
As one can see from the presented phase diagram, there is a range of laser pulse durations and fluences, where the probability for the all-optical reversal of the magnetization is nonzero. Similar to the experiment (see Fig. 8 ), the magnetization reversal by a longer laser pulse requires a higher fluence. Again, similar to the experiment [see Figs. 8(a) and 8(b) ], this means that longer pulses can reverse the magnetization with lower peak power P 0 . As it follows from Eq. (3), the peak power of the laser pulse defines the amplitude of the effective field [see Eq. (3)]. Thus, from our experimental and simulated results, we can conclude that, when the effective light-induced field H OM has a longer duration, the amplitude of this field can be lower than for the case of shorter pulses. This observation might seem to be counterintuitive. However, the demagnetization dynamics, in contrast to the effective field generation, is determined by the laser pulse fluence rather than by its peak power [see Eq. (6)]. Therefore an enhancement of the fluence F sw means that the highly nonequilibrium state is reached earlier, which compensates for a lower amplitude of the effective field.
Our calculations show (see Fig. 9 ) that the width of the reversal window decreases as the pulse duration increases and after certain pulse duration, all-optical reversal cannot be realized. This agrees partly with our experimental data that show the disappearance of the all-optical reversal in sample Gd 24 FeCo for pulses longer than 1700 fs [see Fig. 8(a) ]. Moreover, the disappearance of the magnetization reversal for laser pulses with longer duration agrees well with the fact that ultrafast demagnetization cannot be realized when the laser pulse duration becomes too long. [59] [60] [61] We would like to note, however, that the proposed model is genuinely not capable of accounting for the difference between the magnetization reversal by longer pulses in the samples with different concentrations of Gd ions [see Figs. 8(a) and 8(b)], as it treats the medium as a ferromagnetic ensemble of spins.
As it was discussed in Sec. II, the GdFeCo alloys with different Gd concentrations possess different magnetic properties, such as compensation temperature and coercivity. The difference in the all-optical reversal process revealed in the samples with different Gd contents suggests, that the actual magnetic structure plays an important role in the laser-induced magnetic dynamics. The model of the all-optical reversal in a ferrimagnetic medium is still a challenge. Nevertheless, here, we experimentally investigated the effect of the ferrimagnetic structure of the GdFeCo alloys on the speed and efficiency of the all-optical helicity-dependent magnetization reversal.
Concluding the discussion of the parameters of the laser pulse, we would like to add that, as we discovered experimentally, the all-optical reversal can be also realized with elliptically polarized 100 fs laser pulses. Surprisingly, the ellipticity and, consequently, the parameter σ in Eq. (3) could be varied in a rather wide range. This accentuates the fact that the question about the origin and realistic calculations of the effective optomagnetic field remains unanswered.
D. Helicity-dependent all-optical reversal in various
ferrimagnetic Gd x Fe 90−x Co 10 alloys
Efficiency of the helicity-dependent reversal
If one compares the results of the action of a laser pulse of the same fluence, duration and polarization on samples with different concentration of Gd ions being at the same equilibrium temperature, a striking difference is clearly seen. Figure 10(a) shows that at at room temperature at a pump fluence F = 3.14 mJ/cm 2 the all-optical magnetization 20 FeCo, where no effect was observed for such a fluence. Before the irradiation, all samples were saturated by applying an external magnetic field pulse of the same direction. Because of the magneto-optical imaging, the orientation of the FeCo sublattice is visualized. Thus, black and white areas correspond to the orientation of the FeCo-sublattice magnetization "up" and "down." It is oriented differently for the sample Gd 26 FeCo, because for this sample T comp is above the room temperature, in contrast to other samples. Consequently, the FeCo sublattice is antiparallel to the magnetic field at the room temperature. Thus, in all shown cases, the initial orientation of the total bulk magnetization is the same. reversal is observed only in the sample Gd 26 FeCo, while in the samples Gd 22(24) FeCo, a laser pulse of the same fluence leads to a polarization-independent reversal (see range III in Fig. 4 ). All-optical helicity-dependent reversal in these samples was also observed but at somewhat lower pump fluences. Surprisingly, in the sample Gd 20 FeCo, the action of a single pulse of any polarization results only in the formation of a multidomain state. No all-optical reversal was observed in this sample at room temperature.
The main difference between these samples is the compensation temperature T M [see inset in Fig. 1(b) ]. We have studied the all-optical reversal in these samples at different temperatures. As a quantitative parameter, describing the all-optical reversal, we have chosen the fluence required for the all-optical reversal F sw , falling approximately in the center of the reversal window. As a reference parameter, we also measured the minimum fluence required for the formation of a multidomain final state F md (range IV in Fig. 4 ). This study reveals plenty of differences between the samples. In Gd 22 FeCo, F sw drops as the temperature decreases (similar dependence of F sw on temperature in the Gd 22 FeCo alloy was reported in Ref. 28) . In the sample Gd 20 FeCo, which possessed no reversal at room temperature, a decrease of the temperature below T = 200 K leads to the appearance of all-optical reversal. In contrast, in Gd 24 FeCo and Gd 26 FeCo samples, a temperature decrease had an opposite effect, leading to an increase of F sw . The dependence of F md on temperature for all samples showed the same trend. At lower temperatures, higher fluences F md were required for the formation of the multidomain state.
This diverse behavior of the reversal in the studied samples becomes unified if one plots the minimum fluence F sw required for the all-optical reversal as a function of the difference between the temperature of the sample T and its compensation temperature T M , as shown in Fig. 10(b) . From this figure, one can see that for all studied samples, F sw shows a minimum near the compensation point (at T − T M = 0). The larger the deviation of the sample temperature from the compensation temperature, the higher the fluence required for the switching.
Note that the linear reversal implies that the fluence of the laser pulse is sufficient to increase the electronic temperature from its equilibrium value up to T * el . Consequently, one can expect that F sw should be higher when the equilibrium electron temperature, i.e., sample temperature, decreases. The experimental data, however, show that this condition is satisfied only below T M . 58 The observed dependence on temperature shows that the ferrimagnetic properties of the medium, which have not been taken into account in our model, strongly affect the reversal process.
When considering the dependence of the fluence required for the reversal on the sample temperature, it is worth noting that the latter affects coercivity among other properties, [see Fig. 1(b) ]. In Fig. 10(c) , we plotted F sw obtained from Fig. 10(b) versus the coercive field H c . Although the values of F sw differ for these samples, there is a clear trend in the F sw versus H c dependence observed for all samples. More specifically, when the coercive field is high, the fluence F sw is weakly dependent on the coercive field. In turn, when the coercive field is lower F sw starts to increase. Furthermore, no reversal is observed when the coercivity is low. It is known that the coercivity determines, in particular, the minimum stable size of a domain that can exist in a medium. Hence, as a result of this, one of the possible reasons for the observed disappearance of the reversal in the samples with low coercivity is that the domain created by the laser pulse of a given spot size cannot be sustained in the medium. We, however, would like to stress that no dependence of the domain size on the temperature and the sample composition was observed. This suggests that the size of the written domain is mostly determined by the area within the laser spot where the fluence satisfies the conditions for the all-optical reversal.
Therefore the study of the efficiency of the all-optical helicity-dependent reversal clearly shows that choosing temperature in the vicinity of the compensation temperature T M is very important for the reversal process. A lower pump fluence is required to switch magnetization near T M , while far away of the compensation point all-optical magnetization reversal may become not feasible.
Speed of the all-optical reversal in GdFeCo alloys
It can be shown that along with the efficiency of the all-optical reversal, the switching time appears to be strongly affected by the composition of the GdFeCo alloy. Figure 11 shows the evolution of the magnetic state during the reversal process in the samples Gd 22 FeCo and Gd 26 FeCo at ambient temperature. As one can see, the switching time for Gd 26 FeCo is around 100 ps and comparable with the time obtained for Gd 24 FeCo. However, the magnetization switching in Gd 22 FeCo happens on a much longer time scale of 16 ns.
In order to investigate this further, we studied the speed of the reversal as a function of temperature in these three alloys. The write-read time τ w−r [as defined in Fig. 7(b) ] is plotted in Fig. 12 as a function of the difference between the sample temperature and the compensation point T − T M . Figure 12 shows that the reversal appears to be the fastest for temperatures below T M . In particular, by decreasing the temperature of Gd 22 FeCo one can tune τ w−r from 16 ns at room temperature down to 30 ps at 10 K (T − T M = −90 K).
As we have shown in Sec. IV B, the all-optical helicitydependent magnetization reversal is a linear reversal, occurring when the sample is brought to a strongly nonequilibrium state with no net magnetization. This is followed by a relaxation of the sample to an equilibrium monodomain state. Importantly, it is the speed of the latter process that determines the switching time τ w−r . Obviously, the relaxation to the equilibrium state includes, first of all, a slow heat diffusion from the photoexcited spot, which is typically of the order of nanoseconds. As a result, the magnetization reaches only 80% of its equilibrium value after τ w−r [see Fig. 7(b) ]. Since this heat diffusion is determined by heat conductivity of the layers comprising the multilayered structures, there is no reason to expect this time to vary much as a function of composition and temperature. 26 We achieved magnetization reversal within 30 ps for Gd 22 Fe 68.2 Co 9.8 at 10 K. The dash line is a guide to the eye. Note that the angular momentum compensation point T A is ∼50 K above T M . 33 Second, the write-read time is dependent on time, which is needed for lattice to equilibrate. According to the twotemperature model [see Eq. (6)], this process is determined by the characteristic time τ th and by the amount of energy pumped into the system. We have no arguments to assume that the time τ th would be significantly different for different samples. The energy load required for the all-optical reversal, in turn, differs for different samples and different initial temperatures [see Fig. 10(b) ]. However, the studies of a magnetization recovery after excitation with the sub-picosecond laser pulse 57 have shown that recovery time is determined predominantly by the degree to which the magnetization was destroyed. Moreover, no correlation between an increase of the pump fluence and the write-read time is observed for the samples with equilibrium temperatures below the compensation point. Instead, our experimental data (see Fig. 12 ) show that neither absolute temperature of the sample nor the sample composition alone determine the write-read time. τ w−r only slightly varies for any sample with equilibrium temperature T 0 being below T M , and increases drastically as T 0 starts to exceed T M . This suggests that the ferrimagnetic properties have to be taken into account in order to explain the variations of the write-read times.
One of the possible explanations for this behavior relies on the fact that the formation of the monodomain final includes, alone with the relaxation processes, the domain wall motion. This conclusion can be reached from rather qualitative considerations. Note that the ultrashort laser pulse pushes the medium into a strongly nonequilibrium but magnetic state with no net magnetization. 57 Since the state is magnetic and no net magnetization is observed, it should be characterized by spin correlations on the length-scale smaller than the wavelength of light. In fact, this is a multidomain state. A transition from a multidomain to a single-domain state must occur via the process of domain wall motion, growth of favorable domains and disappearance of unfavorable ones. The speed of the latter process, naturally, depends on the mobility of the domain walls, which in GeFeCo alloys is strongly temperature dependent. [62] [63] [64] Moreover, the speed is very high in the vicinity of the angular momentum compensation temperature T A . When a sample being below T A is subjected to a circularly polarized laser pulse, the laser excited area always contains domains brought close to T A where the domain wall mobility is the largest. Then, it is the mobility at T A that dominates the averaged domain walls speed in the photoexcited area and, thus, determines the write-read time. Above T A , alloptical magnetization reversal can still be realized but the write-read time increases with temperature, as the optical excitation brings the system even further from T A (see Fig. 12 ).
V. CONCLUSIONS AND OUTLOOK
Combining the experimental technique of single-shot time-resolved magneto-optical microscopy with multiscale modeling of the nonequilibrium spin dynamics, we have revealed a path for the reversal of the magnetization by a single circularly polarized laser pulse. In particular, we have demonstrated experimentally that in order to reverse the magnetization, the laser pulse should bring the spin system within 1 ps into a strongly nonequilibrium state characterized by a nearly quenched net magnetization. Multiscale modeling of the dynamics of the spin system at this state shows that the simultaneous action of a strong and short heat pulse and a pulse of magnetic field favors the magnetization to follow a so-called linear reversal path, governed by longitudinal relaxation process. Experimentally, such a two-fold action can be obtained using circularly-polarized laser pulses.
By examining, experimentally and computationally, the reversal process for various laser pulses we have shown that the helicity-dependent magnetization switching occurs in a narrow range of laser pulse fluences. Below this range, the conditions for linear reversal are not satisfied, as the latter can occur only when the magnetization is nearly quenched. 27 Above this range, the degree of disorder brought to the spin system is too high and, thus the strength and duration of the effective light-induced magnetic field are not sufficient for the reversal.
We have found that the all-optical reversal is feasible for a rather wide range of laser pulse durations up to 2100 fs. However, our experimental data and the proposed model suggest that there is an upper limit for the laser pulse duration required for the all-optical reversal. Based on our model, we expect that there should also be a lower limit. This, however, still has to be verified in future experiments with ultrashort laser pulses.
The feasibility and the characteristics of the all-optical reversal process are also dependent on the magnetic properties of the GdFeCo alloys. Although the all-optical reversal can be observed above and below the compensation temperature of ferrimagnetic GdFeCo alloys, in the vicinity of T M , the reversal requires less laser pulse fluence. Moreover, the all-optical reversal disappears if the sample temperature is too high above the compensation temperature. These results suggest that the ferrimagnetic properties of the samples play a crucial role in the all-optical magnetization reversal. Consequently, development of comprehensive approaches for simulations of nonequilibrium spin dynamics in multisublattice magnets are urgently required.
We also demonstrated that the all-optical helicitydependent magnetization reversal time is determined by the relaxation process from the strongly nonequilibrium state and by the mobility of the domain walls, in particular. This leads to a drastic decrease of the reversal time in the samples below their compensation temperature. Therefore we expect that ferrimagnetic media with compensation points above room temperature are promising candidates for the realization of fast all-optical magnetic recording. We would like to mention that the achieved write-read time of 30 ps in one of the GdFeCo alloys (see Fig. 12 ) is the shortest write-read time demonstrated for magnetic recording so far. Moreover, our experimental studies and modeling suggest that this time can be reduced further by a proper tailoring of the magnetic and magneto-optical properties of a recording medium.
As a concluding remark, we would like to stress that our study of the all-optical reversal in RE-TM alloys highlights the role of ferrimagnetism in the process. Not only does the ferrimagnetism affect the write-read time, the experimental findings suggest that the ferrimagnetic structure of GdFeCo alloys also influences the features of linear reversal at a ultrashort time scales. A further understanding how such a complex magnetic structure influences the ultrafast laserinduced spin dynamics will be a challenging task for both theoreticians and experimentalists. Development of models and theories capable of accounting for realistic interactions in a magnetic medium is required. For further experimental studies of the ultrafast dynamics in ferrimagnets, experiments with higher spatial and temporal resolution and with element specificity (to distinguish, for example, Gd from Fe and Co) will be desirable. 29, [65] [66] [67] We believe that such studies will be profitable for the whole area of ultrafast laser-induced spin dynamics.
Note added. Very recently, Steil et al. 68 reported the results of a study of the all-optical reversal in Gd 26 Fe 64.7 Co 9.3 with laser pulses of various durations. The trends revealed in this publication agree well with the findings reported here.
